Purpose: This study was conducted to determine blood flow velocities and corresponding vessel diameters to characterize the response of the bulbar conjunctival microvasculature to contact lens wear. Methods: A functional slit-lamp biomicroscope (FSLB), an adapted traditional slitlamp, was used to image the temporal bulbar conjunctiva of 22 healthy subjects before and after 6 hr of contact lens wear. All of the measurable venules on the conjunctiva were processed to yield vessel diameters and blood flow velocities. Results: The average blood flow velocity increased from 0.5160.20 to 0.6560.22 mm/sec (P,0.001) after 6 hr of lens wear. The blood flow velocity distribution showed a velocity increase that correlated with the vessel diameter increase from the baseline (r¼0.826, P,0.05). This pattern maintained a similar trend after 6 hr of lens wear (r¼0.925, P,0.05), and increased velocities were found across all of the vessel diameter ranges (P,0.001). Conclusions: Blood flow velocity increases across all of the vessel diameter ranges in response to contact lens wear. Functional slitlamp biomicroscope is capable of characterizing the bulbar microvascular response to contact lens wear.
C ommonly used for both medical and cosmetic purposes, contact lenses (CLs) are estimated to be worn by 125 million people in the world, 38 million of which reside in USA. 1 This indicates that many people are constantly exposed to potential CL-related risks and complications. Long-term contact lens wear has been documented to induce damage to the corneal epithelium, stroma, and endothelium, which may lead to corneal epithelium thinning, stromal edema, endothelial polymegethism, neovascularization, and even keratitis. [2] [3] [4] [5] Other complications seen on the bulbar and tarsal conjunctiva such as conjunctival hyperemia, pinguecula, CL-associated papillary conjunctivitis and subconjunctival hemorrhage are also detrimental to the eye, because the conjunctiva provides both protection and lubrication for the ocular surface. 3, [6] [7] [8] Generally, the principal clinical sign of conjunctival vascular response to lens wear is redness, which is used as a grading method for conjunctival hyperemia (bulbar redness). 9, 10 This grading method is commonly used for quantifying the bulbar conjunctival vasculature response and has been regarded as one of the main indicators of contact lens fitting success and tolerance. 9, [11] [12] [13] [14] Many research groups have created discrete and continuous grading scales for conjunctival hyperemia 12, 15, 16 including the first photographic scale developed by McMonnies and ChapmanDavies in 1987. 13, 14 Other groups have tried to quantitatively determine bulbar redness through computer-assisted technology. 9, [17] [18] [19] [20] However, researchers could not quantitatively record real-time microvascular changes until Cheung et al. 21 developed a computer-assisted intravital microscope to quantify morphometric and dynamic characteristics in the conjunctival microcirculation. Using videography and his novel device, Cheung et al. 21 demonstrated that microvascular abnormalities and alterations (increased vessel diameter, vessel tortuosity, vasoocclusion, and vessel sludging) occurred in long-term contact lens wearers. Although most of these studies explored morphometric characteristics and alterations, a few studies also touched upon the hemodynamic changes of the vessels. [22] [23] [24] [25] To further analyze the bulbar conjunctival microvascular hemodynamics (blood flow velocity), we have developed an innovative imaging device called the functional slit-lamp biomicroscope (FSLB). Using the FSLB, we conducted this study to determine blood flow velocity distribution with the corresponding vessel diameter to characterize bulbar conjunctival microvascular response to contact lens wear.
METHODS AND MATERIALS
The FSLB imaging system, a traditional slitlamp adapted with a digital camera, has been described in detail previously. 24 Briefly, the digital camera has a movie crop function (MCF) that uses the center portion of pixels on the camera chip to generate the equivalent of ;·7 magnification. This allows 60 frames per second, high-speed video recording without sacrificing image quality. Additionally, when combined with the built-in slitlamp optical magnification of up to ·30, the total magnification of the FSLB can be up to ;·210. Our previous study established that FSLB can capture red blood cell (RBC)/RBC cluster movement, which allows the blood flow velocity and vessel diameter to be measured. 22, 24, 26 In this present study, MCF with a magnification of ·210, a field of view of 0.9·0.7 mm 2 , and an image size of 640·480 pixels was used. Three to six different locations ;1 mm away from the limbus (Fig. 1) on the temporal bulbar conjunctiva were imaged.
This study was approved by the Institutional Review Board for Human Research at the University of Miami. Informed consent was obtained from each subject, and all subjects were treated in accordance with the tenets of the Declaration of Helsinki. In this study, a total of 22 normal healthy subjects (10 males and 12 females, age: 33.565.4 years, mean6SD) were recruited. The exclusion criteria included subjects with a history of contact lenses wear, laser treatment, trauma, eye surgery, systemic disease, tobacco or alcohol use, or those on medication. Excluded compounding factors included hypertension, diabetes, sickle cell anemia, cerebral small vessel disease, stroke and other cardiovascular/cerebrovascular diseases, or other vascular diseases. The experiment was carried out in a research laboratory with constant temperature and humidity controlled by the central air conditioning system of the building. The bulbar conjunctiva was imaged before contact lens wear for the baseline measurement. The subjects then wore the contact lens on their right eye. After lens insertion, we assessed the lens fit using a slitlamp. Acceptable lens fitting was observed. The lens covered the entire cornea and lens movement was observed during blinking. The push-up test was positive. After 6 hr, the bulbar conjunctiva was imaged again before contact lens removal. Characteristic vessels in each field were imaged before and after 6 hr of contact lens (BC 8.3 mm, Power 20.50D; PureVision, Bausch & Lomb, Rochester, NY) wear to ensure that the same vessels were acquired and analyzed, which minimized sampling error.
Custom software has been developed and used for the quantification of microvascular morphology and hemodynamics, as described in our previous studies. 22, 24, 26 The software semiautomatically processed the video clips to yield vessel diameters, lengths, vessel covering areas, and velocities for all measureable venules. Only conjunctival venules were analyzed in this study for blood flow velocity, because the conjunctival precapillary arteriole blood flow velocity can be impacted by the pulse. 27 Blood flow velocity measurements were taken using the automatic space-time image (STI) technique. 24, [28] [29] [30] [31] For each pixel along the vessel centerline, a line perpendicular to the centerline with length equal to the vessel diameter was selected. The intensity values along the perpendicular line were averaged to obtain a mean intensity over the vessel diameter. This procedure was repeated for each registered image frame. The intensity values along the vessel centerline from each image frame were stored in a separate column of the STI. In this manner, the STI was created such that the columns represented time (image frame) and the rows represented the distance along the blood vessel. The STI revealed distinct bands, each corresponding to either the movement of RBCs or the space between them in the image sequence. 28 The STIs were then manually marked at the starting and terminating points of individual bands. The sets of two marked points identified the continuous high-intensity bands. Two points decided a line and the slopes of the line were calculated using the linear equation Y¼mX+b (where m determines the slope and b is the intercept) as the measurement of axial blood flow velocity. 24, 28 Multiple processes of the STI were conducted to yield results in these selected vessels including vessel diameter, axial and cross-sectional blood flow velocity, and blood flow rate. 24, 28 The velocity was plotted as a function of the vessel diameter (interval¼2 mm) and compared using the paired t test before and after contact lens wear. Pearson regression value of less than 0.05 (P,0.05) was considered statistically significant and was used to determine the relation between diameter and blood flow velocity.
RESULTS
The average blood flow velocity of the 22 subjects before contact lens wear (baseline) was 0.5160.20 mm/sec. After 6 hr of lens wear, the velocity increased to 0.6560.22 mm/sec (P,0.001, Fig. 2 ) Vessel diameter was 17.861.8 mm at the baseline and 17.961.2 after contact lens wear (P¼0.460). The velocity was plotted as a function of the vessel diameter (interval ¼ 2 mm), which shows the blood flow velocity distribution before and after contact lens wear (Fig. 3) . The velocity increased as the vessel diameter increased from the baseline (r¼0.826, P,0.001). The same pattern was evident after 6 hr of lens wear (r¼0.925, P,0.001) and increased velocities were found across all vessel diameter ranges (P ¼ 0.0004, Fig. 3 ). The relationships between the flow rate and vessel diameter before and after contact lens wear are shown in Figure 4 . The best-fit curve to the flow rate data was a power law curve, displaying strong relationships (r¼0.66 and r¼0.61, respectively).
DISCUSSION
In our previous study, we determined that the FSLB can successfully generate noninvasive bulbar conjunctival microvascular perfusion maps that allow the morphometry and hemodynamics of normal subjects and contact lens wearers to be 
FIG. 3.
Blood flow velocity distribution with vessel diameter before and after contact lens wear. The blood flow velocity distribution showed a positive correlation between vessel velocity and diameter (r¼0.826, P,0.001). The same pattern was evident after 6 hr of lens wear (r¼0.925, P,0.001) and increased velocities were found across all vessel diameter ranges (P,0.001).
FIG. 4.
Relations between vessel diameter and venular blood flow rate. A strong relation was evident between the vessel diameter and flow rate at baseline (A) and 6 hr after contact lens wear (B). Q, blood flow rate.
assessed. 24 Furthermore, the accuracy and repeatability of the FSLB was also demonstrated. 22, 24, 26 We found that the bulbar conjunctival blood velocity was related to the vessel diameter and that the vessel sample may affect the standard error of the measurement. 24 To determine how many blood vessels were needed to represent the blood vessel velocity and diameter in the entire bulbar conjunctiva, we conducted a study using varying numbers of venules per subject in 5 subjects and determined that a sample size of 15 would produce an acceptable standard error of 15%. Because larger sample sizes decreased the SE, 22 three to six different locations on the temporal bulbar conjunctiva were imaged, which ensured that more than 15 blood vessels were recorded and analyzed per subject. In addition, measurement repeatability was tested previously, and good repeatability in measuring blood flow velocity was documented. 27 General changes in the conjunctival microcirculation occur regardless of interactions between blood vessels and outside stimuli. However, some evidence indicates that local compression from a contact lens can slow down microvascular flow at the location where the lens touches the ocular surface. 21 In this study, the microvascular response to contact lens wear was evaluated. We observed that the blood flow velocity of the bulbar conjunctiva significantly increased across all vessel diameter ranges after 6 hr of contact lens wear. These results can be seen as the reaction of the ocular surface to the contact lenses, which involved an increased vessel covering area and velocity in all vessel diameter ranges.
In clinical trials, conjunctival redness grading has been used as a marker for conjunctival vascular response to CL wear. However, the qualitative grading scales may not fully represent microcirculation alterations. As evident in this study, the increase in redness may be accredited to the recruitment (i.e., re-opening) or dilation of vessels, due to or in concert with increased blood flow. This response may occur as compensation to decreased blood supply at the limbus. In long-term contact lens wearers, Cheung et al. 21 found vessel blockage, such as vaso-occlusion, in close proximity to the contact lens. Similarly, Shen et al. 32 found tear film gaps and touch points where the contact lens and ocular surface came into contact, using ultra-high resolution optical coherence tomography.
Because conjunctival buildup was also observed around the lens edge, and the tear film gaps occurred at the midperipheral cornea and at the limbus, this indicates a possible reason for the vascular alterations. 32 Additionally, localized pressure can be induced by contact lens bearing on the surface if the lens does not conform to the shape of the ocular surface. 33, 34 Because the microvascular network near the corneal limbus (branches of the anterior ciliary arteries) is too dense and small, it may not be an ideal site for imaging blood velocities. To date, blood flow velocity at the limbal area has not been imaged. We could speculate that the increased blood flow velocity measured in the bulbar conjunctiva outside the area underneath the lens edge may be a response to the compressed vessels, which results in decreased blood supply to the cornea. Our speculation may be supported by the findings reported by Chueng et al., 21 who found that the microvascular network underwent remodeling such as increased tortuosity, microaneurysms, abnormal vessel diameter, and compromised blood flow, in the area underneath the edges of the contact lens in long-term wearers (.2 years).
As with most studies, our findings need to be considered in light of our study limitations. First, our study did not separately analyze different blood flow velocity zones in the bulbar conjunctiva (e.g., the zone near the limbus). Second, we did not compare the effects of different contact lens with varied materials and designs.
In summary, this study quantitatively characterized bulbar conjunctival microcirculation in a wide range of vessel diameters and demonstrated the comprehensive alteration of bulbar conjunctival circulation in response to short-term contact lens wear.
